[1] We present a new set of Earth thermal history calculations in which the effect of increasing mantle layering with convection Rayleigh number is included in a parameterized mantle convection model. We demonstrate that the inclusion of this effect results in strong buffering of the upper mantle temperature and surface heat flow. Models of this type deliver the observed surface heat flow when geochemically constrained internal heating rates (Urey ratios) are assumed with reasonable initial core temperatures. The surface heat flow is also relatively unchanged for the last 3 Gyr of Earth history in models of this kind, in accord with geological inferences concerning ancient geotherms derived from the study of Archean continental materials. In contrast, models with constant degrees of layering spanning the range from whole mantle to fully layered convection are shown to require unreasonably high initial core temperatures in order to meet the surface heat flow constraint. All successful models require that the coupling of heat flow between reservoirs be smaller than would be expected if mantle viscosities are those inferred on the basis of postglacial rebound (PGR) observations. This may indicate that viscosity for convection is significantly greater than that for rebound and hence that mantle rheology is non-Newtonian and that the PGR process is governed by transient rather than steady state creep.
Introduction
[2] Thermal history models for the Earth in which the rate-controlling mantle convection process is ''parameterized'' have been effectively employed for some time as a guide to understanding planetary evolution. Analyses of this type, which were initiated by Peltier [1978, 1979] , Schubert et al. [1980] , and Davies [1980] , have been based upon the fact that thermal convection at high Rayleigh number transfers heat at a rate which scales as a power of this primary control variable, a result that follows on the basis of boundary layer arguments [e.g., Turcotte and Oxburgh, 1967] . The calculations of Schubert et al. [1980] and Davies [1980] , which were based on one-layer models with strongly temperature-dependent viscosity, suggested that only a narrow range of ratios of internal heating rate to surface heat flow (Urey ratios) were allowed if their models were to fit the modern heat flow constraint. Schubert et al. [1980] were thereby led to suggest that allowed values of the Urey ratio lay in the range of 0.65 -0.85. However, this result is discrepant with the best a priori estimate provided by geochemistry which suggests that the present-day mantle should be heated at the rate of $13 TW [e.g., Hart and Zindler, 1986] , which, when divided by the mantle convection component of the Earth's surface heat flow of 36 TW, suggests a Urey ratio near 0.4. Although there exists significant uncertainty in the internal heating rate, many geochemical models indicate that at present it is significantly less than the surface heat flow, and it is models of this kind that we will examine herein.
[3] Subsequent to the above referenced early analyses, a large number of different physical effects have been incorporated into parameterized convection models. These include the presence of thermal boundary layers at the core-mantle boundary (CMB) [e.g., Spohn and Schubert, 1982; Honda and Iwase, 1996] , as well as effects due to inner core freezing [e.g., Mollett, 1984; Spohn and Breuer, 1993] . The possible influence of layering at 660-km depth has also been discussed by McKenzie and Richter [1981] , Spohn and Schubert [1982] , and Honda [1995] . Christensen [1985] considered the possibility that the scaling exponent of heat flow with Rayleigh number might be strongly reduced by the fact that the material in the cold surface boundary layer is highly viscous and this could influence surface mobility. Spohn and Breuer [1993] and Breuer and Spohn [1993] also modeled effects due to crust formation and found that models could be found that were in keeping with geochemical constraints provided that there was a significant degree of internal heating in the core. Measurements and calculations of the solubility of potassium in liquid iron at outer core pressures [Chabot and Drake, 1999; Ito et al., 1993; Sherman, 1990] , however, suggest it to be highly unlikely that any significant radioactive heating is actually present in the core.
[4] Numerical simulations of the mantle convection process, performed with the effects of an endothermic phase transition at 660-km depth, have shown that the effectiveness of the phase transition in inducing layered flow increases with the system Rayleigh number [e.g., Christensen and Yuen, 1985; Solheim and Peltier, 1993 , 1994a , 1994b Butler and Peltier, 2000] . Since the Rayleigh number that is characteristic of the convective circulation in the Earth's mantle has most probably decreased over the history of the Earth due to cooling of the core and mantle, the decrease in the degree of radioactive heating, and the increase in mantle viscosity due to decreasing temperature, it is likely that the degree of layering in the mantle is lower now than it was in the past. Davies [1995] and Honda [1995] have allowed in their recent work on the thermal history problem for a change from fully layered to ''whole mantle'' convection; however, no previous work has allowed for incomplete layering or for the degree of layering to evolve with time. We will show that the incorporation of this effect in our new parameterized model of the thermal history, in a way that is constrained by the numerical simulations that we have performed, results in a significantly more realistic thermal history.
[5] Recently, Butler and Peltier [2000] demonstrated, on the basis of integrations performed using an axisymmetric model of the mantle convection process, that when a CMB temperature of 4000 K is assumed, which is in accord with the mineral physics results of Boehler [1996 Boehler [ , 2000 , reasonable surface heat flow was obtained only when mantle viscosities were assumed to be an order of magnitude greater than those inferred on the basis of postglacial rebound analyses (e.g., see Peltier [1998] for a recent review) or when the convective circulation was assumed to be strongly layered at 660-km depth. Snapshots of the temperature field in two such calculations are shown in Figure 1 , and the azimuthally averaged temperature as a function of depth for these two end-member models is shown in Figure 2 (solid lines). These calculations were integrated to a statistical equilibrium state, and hence there was no contribution due to secular cooling to the predicted surface heat flow. Since the mantle is most probably cooling, however, any contribution from secular cooling would drive up the surface heat flow, resulting in a requirement for an even higher degree of layering and/or higher viscosity.
[6] In the following, we will employ this newly devised parameterized thermal history model to further constrain the range of mantle viscosity and degree of convective layering that are compatible with the observations. We employ a model that has thermal boundary layers at the CMB, at 660-km depth, and at the Earth's surface. We constrain the thermal history models to deliver the modern-day surface heat flow and to have temperatures at the core mantle boundary and at 660-km depth that are in accord with mineral physics constraints. We will demonstrate that models with a time-independent degree of layering, including ''whole mantle'' models, require very high initial core temperatures. Solutions for which the degree of layering depends on the Rayleigh number do not require high initial core temperatures, however, and generally give much improved fits to the surface heat flow and internal temperatures over constant degree of layering solutions. They do require inefficient thermal boundary layers, however, arguing that the viscosity that governs the mantle convection process must be significantly greater than that controlling rebound or that another physical effect that is not considered here acts to significantly reduce the convective efficiency of the mantle.
[7] The parameterized model that we will employ herein is very similar to that introduced by Butler and Peltier [2000] , to which we have added a core with variable temperature, temperature-dependent mantle viscosity, and effects due to the freezing of the inner core. We derive this model in detail in section 2 and discuss our choices of model parameters in section 3. In section 4 we first illustrate a number of general properties of parameterized solutions for the thermal history and then display the new solutions described above. The implications of our results are discussed in section 5.
Model Derivation
[8] By insisting that thermal energy be conserved in a ''three-shell'' spherical model consisting of the core (quantities indicated by a subscript c), lower mantle (subscript l), and upper mantle and transition zone (subscript u), we arrive at the following set of coupled ordinary differential equations:
[9] In the above system, Cp i (i = u, l, c) are the adiabat weighted values of the heat capacities, t is time, and c i represents the total amount of internal radioactive heating in the ith shell. Cp f is the added effective heat capacity due to inner core freezing. T u , T l , and T c represent the temperature at the top of the 660-km and CMB thermal boundary layers, and T c represents the temperature on the core side of the CMB thermal boundary layer. Q s , Q e , and Q cm represent the heat transported by conduction across the surface, 660-km depth and CMB thermal boundary layers, respectively, whereas b is a parameter used to investigate effects due to incomplete layering. The parameter b represents the ratio of heat transported by conduction across 660-km depth to that transported by advection, and when b is very close to 0, we have whole mantle circulation, whereas when b is equal to 1, we have completely layered mantle convection. In all of the models that we will present, b will be taken to be either constant or a smoothly varying function of time; hence we shall be smoothing over short timescale mantle mass flux events such as avalanches (see Butler and Peltier [2000] for a detailed discussion of the avalanche effect). It is expected that this should be a reasonable approximation when examining the long-term variation of bulk properties such as average mantle temperatures and surface heat flow. We will discuss the calculation of b later in this section. In Figure 2 we show two geotherms, one which corresponds to strongly layered convection and one which corresponds to whole mantle convection. We indicate T s , T u , T l , and T c for the strongly layered case. We also compare the results of a parameterized calculation of internal temperatures (dotted lines) and those from our numerical model (solid lines), and it can be seen that the agreement is rather good. We will delay discussion of the longdashed line to section 3.
[10] The three assumptions that are used in relating the mantle and core temperatures to the heat flow across the boundary layers are as follows: (1) The radial temperature profile in mantle regions outside of thermal boundary layers is adiabatic. (2) The heat conducted across a thermal boundary layer is adequately represented by
(i = cm, e, s), where k i is the thermal conductivity at the position of the boundary layer, A i is the area of the boundary, and ÁT i and d i are the temperature drop across and thickness of the thermal boundary layer, respectively. (3) Convection is driven sufficiently strongly that boundary layer instabilities form on each boundary such that the boundary layer Rayleigh number is maintained at its critical value, Ra crit [e.g., Howard, 1966] . This criterion has been successfully used by Jarvis [1993] and Vangelov and Jarvis [1994] to predict internal temperature variations as a function of curvature.
[11] These assumptions allow us to write
where
In (4), T s is the temperature at the Earth's surface, and the " A i are coupling coefficients relating the temperature drop across boundary layers to the conducted heat flow. In terms of material properties these coupling coefficients are given by
(please see Butler and Peltier [2000] for a detailed derivation). The parameters r i , g i , a i , c pi , and h i represent the density, gravitational acceleration, thermal expansivity, heat capacity per unit mass, and viscosity at interface i. We will discuss the magnitude of the parameters used in section 3. The parameters f cme and f es represent the adiabatic temperature drop between the CMB and 660-km depth and between 660-km depth and the surface, respectively.
[12] Substituting (3) and (4) into (1) delivers the following governing equations:
We have explicitly indicated the temperature dependencies of the various coefficients to emphasize the strongly nonlinear nature of these equations. We employ the functional form for Cp f suggested by Mollett [1984] .
[13] The viscosity that is employed in the calculation of the " A i is determined for each boundary layer based on the local temperature as
Here we regard AA as a constant and the temperature at 660-km depth is assumed to be equal to the average of the temperatures at either extreme of this thermal boundary layer. The temperature dependence of h cm is assumed to involve only the temperature in the lower mantle rather than the temperature in the core since it is assumed that the mantle side is the ''bottleneck'' and hence controls the convective heat transfer. The h 0i are given by
Here h i and T if are the final viscosities and temperatures at the different boundary layer depths. Clearly, the T if are not known a priori so models are run with initial guesses at the final temperatures. We then employ the final temperatures from an initial run and use these to determine the new T uf and T lf and iterate in this way until a stable solution is obtained.
[14] In calculations in which the degree of layering, parameterized through b, changes as a function of the Rayleigh number we calculate the Rayleigh number as the sum of terms due to the temperature drop across the mantle and due to the internal heating in the mantle as
Figure 2. Geotherms calculated from fields shown in Figure 1 (solid lines). The geotherm with the large temperature drop at 660-km depth corresponds to the layered case. Dotted and dashed lines are calculated using the parameterized model of Butler and Peltier [2000] . For the layered calculation, " A e is 5.51 Â 10 9 W k À4/3 for the case of the dashed line and 2.52 Â 10 9 W k À4/3 for the case of the dotted line. The definitions of T c , T l , T u , and T s are indicated.
Then b is calculated from an empirically determined functional form:
The parameter d in (9) is the distance from the CMB to the surface. In Figure 3 we show values of b calculated from runs of the full axisymmetric convection model that were entirely heated from below which were integrated with various choices for the magnitude of the Clapeyron slope of the endothermic phase transition at 660-km depth. We include functions of the form of (10) for each of the Clapeyron slopes, and it will be seen that g decreases as the magnitude of the Clapeyron slope increases. A Clapeyron slope of À2.8 MPa K À1 is within the range suggested by mineral physics experiments [e.g., Chopelas et al., 1994] for the spinel to perovskite and magnesiowüstite transition at 660-km depth. It can be seen that for these calculations this Clapeyron slope results in relatively weak layering as measured by b. A small value of b may translate into a relatively high degree of layering as measured by mass flux, however, with a b of 0.2 translating to a reduction of mass flux of 20-50% based on the results of Butler and Peltier [2000] . The trend to increasing b with Rayleigh number can be seen, except for the lowest Rayleigh number case which shows an unusually large value of b, for all Clapeyron slopes. Although the form of (10) can only be said to be suggested by the results presented in Figure 3 , (10) provides a useful parameterization of the physical effect that layering increases with the system Rayleigh number. The value of g based on Figure 3 for a Clapeyron slope of À2.8 MPa K À1 is 8.5. Owing to the large uncertainties in the value of this parameter, we will investigate a range of values. There is also a great deal of ambiguity as to how to define the Rayleigh number in the parameterized model as properties vary with depth and as heating occurs both from within and from below. We use the average of the surface and CMB viscosities in (9), and we include both the effects of a temperature drop and the internal heating in order to get a measure of the total forcing which drives the mantle convection process.
[15] All solutions are arrived at by integrating forward from the time of formation of the Earth using a sixth-order Runge-Kutta-Verner scheme. Many previous studies have integrated backward in time from the present, since current conditions are better known than are those from the time of the Earth's formation. However, we often found backward integration to lead to numerical instability, and so we have avoided this approach entirely.
Choice of Parameters
[16] Constraints that we will require our parameterized convection solutions to fit are that models must deliver within 20% of the mantle component of the observed, present-day, surface heat flow, Q sf , of 36 TW [Pollack et al., 1993; Sclater et al., 1980; Pollack and Chapman, 1977] . The present-day temperature at 660-km depth, T fe , and on the core side of the CMB, T CM f , furthermore, must be similarly close to 1900 K and 4000 K [Boehler, 1996 [Boehler, , 2000 . In the case of a strong thermal boundary layer at 660-km depth the temperatures on either side of the boundary layer will simply be required to bracket the target temperature. We shall also insist that the mantle has not undergone large-scale melting so we require that T u and T l f cme have not exceeded 2200 and 2800 K, respectively [Zerr et al., 1998; Boehler, 2000] . T l is constrained more strongly by the melting temperature at 660-km depth than that near the CMB, since the melting curve in the lower mantle is steeper than the adiabat.
[17] Assuming characteristic values for mantle properties near the Earth's surface, near 660-km depth, and near the CMB, as well as a value for Ra crit , we can calculate values for the " A i . In a number of calculations using our axisymmetric mantle convection model with free-slip surface and CMB boundary conditions it was found that a value of Ra crit = 14.3 gave good agreement for the surface heat flow with the parameterized convection model described above [Butler and Peltier, 2000] . This value is intermediate to the values of 8.4 and 24.4 suggested previously by Honda [1996] and Sotin and Labrosse [1999] . It was found, however, that calculations that included the effects of internal heating were not quite as well represented by the parameterized model. The results should be accurate to 20%, however, and should be adequate for the purposes of this analysis. It will also be noted that the surface boundary conditions on Earth are significantly more complicated than simple free-slip conditions, and as such, the effective Ra crit may be significantly different from the value that was found to be characteristic when this simpler boundary condition was employed in the a priori convection model. We will further address this point below. Using the mantle properties listed in Peltier and Jiang [1996] . The parameters r and g are taken from the preliminary reference Earth model (PREM) [Dziewonski and Anderson, 1981] , and c p is from a thermal model of Stacey [1977] . The CMB value of k is based on measurements of Osako and Ito [1991] , and the 660-km depth and surface values are from Kieffer [1976] . The parameter a is taken from the results of Chopelas and Boehler [1992] .
[18] Of the "
A s , is the best constrained since nearsurface properties are significantly better known than the properties in the deep mantle. In particular, the value of the viscosity in the deep mantle is still a matter of significant debate, while there is some consensus that the upper mantle viscosity inferred from PGR observations is close to 5 Â 10 20 Pa s (e.g., see Peltier [1998] for a recent discussion).
[19] Knowing the present-day value of " A s , we can calculate the temperature in the upper mantle and transition zone using the present-day mantle component of surface heat flow of 36 TW together with (3). We obtain a temperature on the upper mantle side of the 660-km thermal boundary layer of 915.6 K. A geotherm with this " A s is shown in Figure 2 from calculations with both the numerical model and the parameterized model (the geotherms with the very strong internal thermal boundary layers). Clearly, this value of " A s requires an extremely large temperature drop across the internal thermal boundary layer at 660-km depth in order to meet the constraint of a temperature of 1900 K at this depth (shown with a 20% error bar at this depth). Recent results of Irifune et al. [1998] , however, indicate that the temperature at the depth of the 660-km endothermic phase transition may be significantly colder than most previous results would have suggested, which would make this value of " A s somewhat more acceptable. If we calculate "
A s under the assumption of whole mantle convection and we require the temperature at 660-km depth to be 1900 K, we arrive at a value of 2.09 Â 10 9 W K À4/3 . Examples of this whole mantle geotherm are also shown from both the numerical model and the parameterized model in Figure 2 . Although there is uncertainty in the parameters in Table 1 that are used to calculate " A s , it is unlikely that any, except possibly Ra crit , are sufficiently in error as to allow such a large change in " A s . This implies that if the circulation in the mantle is whole mantle or only weakly layered, one of the assumptions that went into deriving "
A s is flawed. The most likely possibilities are as follows: (1) The viscosity of the mantle that governs the convection process is significantly greater than that which governs the glacial rebound process. (2) The boundary conditions appropriate to the Earth's surface deviate from free-slip conditions in such a way as to significantly reduce the efficiency of the surface thermal boundary layer in conducting heat, hence increasing Ra crit and reducting " A s . (3) The boundary conditions appropriate to the Earth's surface cause a reduction in the scaling exponent of the surface heat flow with the temperature drop across the thermal boundary layer. Possibility 1 is entirely plausible if the viscosity of the mantle is in a strain-hardening regime and if the PGR process samples a transient rheology that is significantly less stiff than the viscosity that controls long timescale processes such as mantle convection, as has been argued by Karato [1998] . Possibility 2 could be a consequence of effects due to large aspect ratio convection cells that are forced at the surface boundary [Lowman et al., 2001] . Possibility 3 was strongly advocated by Christensen [1984] , who also showed that a reduced scaling exponent dependence of heat flow on Rayleigh number allowed for more plausible Earth thermal histories [Christensen, 1985] . Later calculations, however, indicated that strongly temperature-dependent viscosity and plate-like behavior do not necessarily reduce this scaling exponent [Gurnis, 1989] , although no convection model has yet incorporated plates in a self-consistent manner. We will consider 1 and 2 as possibilities and use "
A s values of 2.09 Â 10 9 W K À4/3 and 7.62 Â 10 9 W K À4/3 as endmember values.
[20] In Figure 2 we indicate two geotherms for the layered case calculated with the parameterized model of Butler and Peltier [2000] . In the case of the dashed line we have used values of " A s , " A c , and " A e as calculated from (5) and the mantle properties listed in Table 1 , but in the case of the dotted line, we have used a decreased " A e of 2.52 Â 10 9 W K À4/3
. As can be seen in Figure 2 , this decrease in "
A e leads to significantly better agreement with the numerical model in terms of prediction of the mantle geotherm. This improved agreement was also found when "
A e was decreased in all of our other strongly layered solutions, and predictions of the surface heat flow were also improved. "
A e might be expected to be smaller than is predicted by (5) since (5) does not take into account the fact that upper and lower mantle flow is blocked and hence an internal thermal boundary layer is a double boundary layer. We will use this decreased value of " A e during the remainder of this investigation, and we indicate this value in Table 1 .
[21] The initial conditions are chosen by setting the upper mantle temperature to be close to its melting point of 2200 K. The temperature profile in the mantle is assumed to be initially adiabatic, and the lower mantle temperature is set accordingly. When possible, we look for solutions in which the initial temperature on the core side of the CMB is 4300 K, which is the melting point of mantle materials at CMB pressures [Boehler, 2000] , and hence we might expect that a recently solidified, early mantle would have left the liquid core at this temperature. We also examine solutions for which the core is made significantly warmer. The gravitational energy released during core separation is roughly 13.4 Â 10 30 J [e.g., Stacey and Stacey, 1999] , which is enough energy to raise the temperature of the core by roughly 9000 K. The heat of core separation is likely divided between the core and mantle, and much of it was likely radiated away from the early Earth. Hence initial conditions in which the core is many thousand degrees warmer than the mantle are unlikely. [22] In all of our calculations, unless we explicitly state otherwise, we will use a value of AA of 55,500 K. Although the activation energy and volume for mantle materials are not well constrained and likely vary throughout the mantle, implying that AA cannot be well known, this value lies in the plausible range [e.g., Weertman and Weertman, 1975] and gives the required very strong dependence of viscosity on temperature.
[23] The values of f cme and f es are calculated assuming boundary layer thicknesses of 100 km. The function varies quite slowly, and hence the choice of the thickness of the boundary layer does not significantly affect the results. We find f cme = 0.75 and f es = 0.9156. Cp u and Cp l are obtained by integrating c p along an adiabat and are found to be 9.76 Â 10 26 J K À1 and 3.26 Â 10 27 J K
À1
, respectively.
[24] Properties of the core are significantly less well known, and we take a typical value of 1.5 Â 10 27 J K
for Cp c [Buffett et al., 1996] . We constrained Cp f by requiring that the final inner core in the model be the same size as the inner core of the Earth today. The total energy released during inner core formation from the time of Earth formation to the present is only 7.3 Â 10 28 J [Stacey and Stacey, 1999] , which is the energy required to warm the core by only roughly 50 K. As such, it was not found that the effects of inner core formation were especially significant and Cp f could be safely neglected. , with an initial core temperature of 8500 K and with the heating history shown in Figure 4 . (b) Q s (dotted line), Q c (solid line), the heat liberated due to the secular cooling of the mantle (dash-dotted line), and the internal radioactive heating component (long-dashed line) for the same conditions as in Figure 5a . (c) Viscosity of the lower mantle (solid line) and upper mantle (short-dashed line) for the same case as described in Figure 5a .
[25] In Figure 4 we show the rate of internal heating in the Earth's mantle that we assume and the contributions from each of the major radioactive elements. The numbers were derived assuming abundance ratios of uranium/thorium/potassium of 1/4/10,000 following Zindler and Hart [1986] . Using a primitive upper mantle uranium composition of 21 parts per billion, a value of 19.4 TW for the bulk silicate Earth is obtained. We subtract the estimated heat content of the continental and oceanic crust (6.3 TW) to get roughly 13 TW which is available to drive convection in the Earth's mantle today, which gives a presentday Urey ratio of 13/36 = 0.36. In all of the calculations that include internal heating, we will use the heating rate history that is shown in Figure 4 . Because we do not include the effects of differentiation (to be discussed more fully in the following), this assumes that the Earth's crust formed, and hence the crustal component of radioactive heating was removed from the mantle, very early in Earth's history. Geochemical studies [e.g., Armstrong, 1981] indicate that the continental crust has been in a roughly steady state for the last 2.9 Gyr and hence the crust was formed very early. We also performed some calculations, however, in which the crustal component of radioactive heating was removed at various rates over the course of Earth's history. When we perform layered calculations, we will include 2/13 of the heat sources in the upper mantle and 11/13 in the lower mantle. We do not include any internal heat sources in the core. We also neglect effects due to exchange of radioactive heat sources between the lower and upper mantles.
Results
[26] We will first describe the results we have obtained when the convective circulation is characterized by thermal boundary layers at the surface and the CMB only (whole mantle models) and then for circulation models which also possess an internal thermal boundary at 660-km depth (layered models). In the final section we describe results in which the degree of layering varies as a function of the system Rayleigh number. As we will show, it is this latter class of models that our analyses will lead us to prefer.
Whole Mantle Convection
[27] In Figure 5 we show an integration using the inefficient end-member value of " A s of 2.09 Â 10 9 W K À4/3 and the value of " A c derived by accepting typical values for mantle properties of 2.40 Â 10 9 W K À4/3 starting with a core temperature of 8500 K. In Figures 5a, 6a , and 7a the solid, dotted, and dashed lines represent T u , T l , and T c . In Figures  5b, 6b , and 7b the dotted and solid lines represent the surface and CMB heat flows, while the long-dashed and dot-dashed lines represent the internal heating and secular cooling rate for the entire mantle. In Figures 5c, 6c , and 7c the solid and dashed lines represent the viscosity at the CMB and surface, respectively. We can see that even with this unreasonably high starting temperature for the Earth's core, the final surface heat flow and internal temperatures are significantly too low. This is because the CMB thermal boundary layer is relatively efficient, and hence heat can flow rapidly from the core into the mantle. This warms the mantle which results in low viscosities and hence rapid heat removal and very high surface heat flow very early in Earth history. If the efficiency of the CMB thermal boundary layer is decreased by a factor of 4.6, which corresponds to the effect of increasing the viscosity in the vicinity of the core by a factor of 100, reasonable final surface heat flows and internal temperatures are now obtained as is demonstrated in Figure 6 . This is because the core now cools more slowly, allowing for less removal of heat early on but warmer mantle temperatures today. Although there is some trade-off between decreasing " A c and increasing the core temperature, extensive searches of parameter space did not reveal viable solutions with significantly cooler core temperatures or larger values of " A c . It is also possible to derive models with somewhat larger modern day values for " A c if the dependence of viscosity on temperature is decreased. This causes the values of " A c to be smaller for times representing the early stages of Earth's history. However, it was still found necessary to have a very hot initial core temperature, and the modern day "
A c was still required to be less than that predicted from (5) when reasonable values for the mantle parameters are employed. Similarly, calculations were performed for which the crustal component of radioactive heating was removed over the course of Earth's history (not shown). Unless this component was not removed until very recently, however, acceptable models were not found without strongly decreased " A c and very high initial core temperatures.
Strongly Layered Convection
[28] When convection was completely layered (b = 1), we found that the initial core temperature still had to be increased to 7500 K and that either " A e or " A c had to be strongly reduced if "
A s was set to 7.65 Â 10 9 . If " A e is reduced, then it must be reduced by a factor of 2.12, and the resulting temperature drop across 660-km depth is extremely large at 1856 K. The lower mantle temperature , and "
, with an initial core temperature of 7500 K and with the heating history shown in Figure 4 . (b) Q s (dotted line), Q c (solid line), the heat liberated due to the secular cooling of the mantle (dash-dotted line), internal radioactive heating component (long-dashed line), and Q e /b (short-dashed line) corresponding to the total heat flow across 660-km depth for the same conditions as in Figure 7a . (c) Viscosity of the lower mantle (solid line), upper mantle (short-dashed line), and 660-km depth (dotted line) for the same case as described in Figure 7a . also becomes very hot and becomes close to the melting point for lower mantle materials as was noted by Spohn and Schubert [1982] in their study of completely layered convection. If " A c is reduced, then it must be decreased by a factor of 4.93. A time series of the results of this calculation is shown in Figure 7 . For calculations that include significant layering, we have added a long-dashed line in Figure 7a , indicating the temperature at 660-km depth; a short-dashed line in Figure 7b , indicating Q e /b; and a dotted line in Figure 7c , indicating h e .
Intermediate Models
[29] The possibility that the " A i should be strongly reduced and that partial layering is occurring was also investigated. It was found that for a particular reduction in the magnitude of the " A i a range of degrees of layering was allowed and the degree increased as the " A i were increased. The upper bound on the degree of layering for a particular set of " A i occurred because the core and mantle temperatures became too high, while the lower bound came about because the final heat flow became too low. It was not found possible to obtain acceptable models for which the initial core temperature was not much greater than the mantle temperature, however.
Rayleigh Number Dependent Layering
[30] Figure 8 shows a calculation for which the initial core temperature is 4300 K. The " A i are all decreased from their values in Table 1 by 4.64, and b depends on the Rayleigh number in a way described by (10) with g set to 8.5. We have added a dash-dotted line to Figure 8a , representing the magnitude of the temperature drop across the internal thermal boundary layer. It can be seen that an acceptable solution can now be obtained without requiring an initially very hot core. Of special interest is the fact that the degree of layering in this solution, as measured by b, is not especially large. When a similar calculation was performed with a constant degree of layering set to be roughly the average degree of layering of the calculation displayed in Figure 8 , the final state was significantly too cold ( Figure  9 ). The reason for this large difference in behavior between two seemingly very similar physical models is that in the case of the time-variable degree of layering calculation, the degree of layering first increases, storing internal energy in , and " A c = 5.17 Â 10 8 W K À4/3 , with an initial core temperature of 4300 K and with the heating history shown in Figure 4 . The layering is a function of the system Rayleigh number with g = 8.5. (b) Q s (dotted line), Q c (solid line), the heat liberated due to the secular cooling of the mantle (dash-dotted line), internal radioactive heating component (longdashed line), and Q e /b (short-dashed line) corresponding to the total heat flow across 660-km depth for the same conditions as in Figure 8a . (c) Viscosity of the lower mantle (solid line), upper mantle (short-dashed line), and 660-km depth (dotted line) for the same case as described in Figure 8a . (d) Degree of layering as measured by b as a function of time for the case as described in Figure 8a . the lower mantle. The degree of layering decreases over the second half of the calculation due to the decrease in mantle temperatures and internal heating rates, resulting in a smaller temperature drop between the lower and upper mantle. A decrease in the temperature drop across 660-km depth results in a decrease in the temperature of the lower mantle which, in turn, results in energy released from the lower mantle which is available to warm the upper mantle and sustain a significant surface heat flow. This effect is demonstrated in Figure 10 , which shows the mantle geotherm at various times corresponding to the same calculation shown in Figure 8 and the warming and cooling of the lower mantle can be seen while the temperature in the upper mantle stays fairly constant.
[31] No solutions of this type were found when the " A i were set to the values indicated in Table 1 ; hence solutions of this type require a mechanism whereby the efficiency with which all of the thermal boundary layers conduct heat is reduced. Solutions with Rayleigh number dependent layering and acceptable thermal histories were found for a wide range of reduced " A i . With g = 8.5, solutions were found with the "
A i reduced by factors of 1.95-5.31. Solutions of this type were also found for values of g ranging from 6.5 to 9.5 and with varying widths of the hyperbolic tangent function, indicating that the exact form of (10) is not important. What is physically important for the buffering effect of temperature-dependent layering to occur is that as the mantle cools and heat sources extinguish, convection must pass through a regime where the degree of layering decreases as a result.
[32] Calculations were also performed with different internal heating histories in which the crustal component of internal heating was extracted during the course of the calculation. Larger internal heating early in Earth's history had a somewhat greater effect in calculations with Rayleigh number dependent layering than in calculations with constant mantle layering because the effects of Rayleigh number dependent layering make the extraction of internal energy less efficient. However, solutions were found that showed similarly constant surface heat flow and mantle temperatures over long periods of time. The " A i for which acceptable solutions could be found were slightly smaller than for the cases with the internal heating history shown in Figure 4 . [33] Solutions were also found in which the degree of layering was significantly different. Figure 11 shows the results of a calculation with g = 8.5 and in which the " A i were reduced by 2.15. In this case, it can be seen that the degree of layering is much greater than that shown in Figure 8 . However, many features such as the relatively constant mantle viscosities and surface heat flow remain the same, and these features were found to be characteristic of solutions for which the effects of Rayleigh number dependent layering buffered the decrease of interior temperatures with time.
Discussion and Conclusions
[34] On the basis of the above described sequence of analyses the possibility that the mantle has been layered by a constant amount throughout geological history must be considered unlikely. In all such cases a core that is initially much warmer than the mantle is required in order to meet constraints on the thermal history. Another common feature of the constant-layering solutions is that a large amount of heat (around 13 TW) is flowing from the modern day core. The calculated CMB heat flow for constant layering models is also substantially greater than the estimate of the heat flow conducted down a core adiabat, according to Anderson [1998] , of 4.4 TW. The heat conducted down an adiabat should be considered a lower bound, however, as there is likely a strongly superadiabatic thermal boundary layer region on the core side of the CMB. Similarly, estimates of the heat carried by mantle plumes, thought to originate at the CMB, are only roughly 2.4 TW [Davies, 1988; Sleep, 1990] . However, Malamud and Turcotte [1999] proposed that the observable hot spots may make up only a small amount of the total and that if small, unseen plumes are added, the total heat flux from plumes may be as high as 15.8 TW. Also, studies that take into account only the heat carried by plumes ignore the heat carried by large-scale convection, which likely accounts for much of the mantle heat transported away from the CMB. The convective heat flow required to sustain the dynamo in the core is not an especially useful constraint. Buffett et al. [1996] estimated that very little heat flow above that carried down the adiabat is necessary to maintain the dynamo as most of the energy can be derived from compositional convection. If the geodynamo is entirely driven by compositional buoyancy and hence requires the existence of the inner core, then the existence of magnetized rocks of age 3.5 Ga [e.g., Hale and Dunlop, 1984] argues for very low CMB heat flows indeed. Solutions with timedependent layering do not require an initially very hot core, however, and the final CMB heat flows are only around 5 TW, in accord with estimates from hot spots and from the core adiabat. [35] As was noted by Butler and Peltier [2000] , models that include the effects of phase transitions show scaling, at least over the range of Rayleigh numbers that they investigated, and the scaling exponent is reduced from 1/3. The exponent also decreases with the magnitude of the Clapeyron slope of the phase transition. Thus the improved thermal history simulations that are obtained when Rayleigh number dependent layering is used can be seen as similar to those obtained when the scaling exponent is decreased in order to capture the possible effects due to reduced surface mobility that occur in temperature-dependent viscosity simulations as was shown by Christensen [1985] .
[36] Honda [1995] considered the case of a transition from completely layered to completely whole mantle convection. He concluded that for any transition that occurred earlier than 1 Ga, the effects of early layering would be completely ''forgotten'' due to the subsequently vigorous whole mantle convection. We performed some calculations of this type (not shown), and it was found that just subsequent to the transition, an extremely intense pulse occurred in the surface heat flow as the thermal boundary layer at 660-km depth collapsed and energy was released into the upper mantle. If the time of this transition was sufficiently long ago, the effects on the final state were not, in fact, found to be significant. With an ongoing, gradual, decrease in mantle layering, however, internal energy from the lower mantle is slowly released into the upper mantle, resulting in the buffering effect described in section 4.4. The demonstration of the importance of this buffering effect on the thermal history of time-dependent layering is the main result of this paper.
[37] As mentioned previously, there is significant evidence from Archean continental materials that the geotherm and surface heat flow in continents has not changed significantly over the past 3.8 Gyr. Since the internal heating rate is significantly less at present than it was in the distant past, many authors [e.g., Lenardic, 1998 ] have suggested that the heat flow through the ocean floors was much greater in the past, while the heat flow through the continents has stayed roughly the same. As we have demonstrated in Figures 8 and  11 , the effect of Rayleigh number dependent layering, if it exerts its influence in the way suggested by the analyses presented herein, makes it unnecessary for the relative heat , and " A c = 1.11 Â 10 9 W K À4/3 , with an initial core temperature of 4300 K and with the heating history shown in Figure 4 . The layering depends on the Rayleigh number with g = 8.5. (b) Q s (dotted line), Q c (solid line), the heat liberated due to the secular cooling of the mantle (dash-dotted line), internal radioactive heating component (longdashed line), and Q e /b (short-dashed line) corresponding to the total heat flow across 660-km depth for the same conditions as in Figure 11a ). (c) Viscosity of the lower mantle (solid line), upper mantle (shortdashed line), and 660-km depth (dotted line) for the same case as described in Figure 11a . (d) Degree of layering as measured by b as a function of time for the case as described in Figure 11a . flow through the continents and oceans to have changed to any significant degree. This mechanism makes it possible that the heat flow in all regions has not changed significantly over the last several billion years.
[38] Partially layered, present-day mantle convection is also in accord with results obtained on the basis of direct seismic tomographic imaging of the circulation [e.g., Van der Hilst et al., 1997] , which show that although some downgoing slabs penetrate into the lower mantle, others appear to be arrested in their descent at the depth of the 660-km discontinuity. Furthermore, high-pressure measurements of the temperature at 400-km depth suggest a temperature of 1850 K [Boehler, 2000] , which would preclude the existence of a strong thermal boundary layer at 660-km depth. Geochemical observations, however, suggest the existence of distinct chemical reservoirs within the mantle. One way to maintain such reservoirs is through mantle layering. Allègre [1997] suggested that an Earth history model in which mantle convection is initially strongly layered but is more weakly layered today may reconcile geochemical and seismic tomographic observations. Models of the type shown in Figure 11 , which are initially very strongly layered and become gradually less layered, may allow a reconciliation between seismological and geochemical observations.
[39] Rayleigh number dependent layering provides a novel mechanism whereby Earth history models that are in accord with geochemical constraints on internal heating rates, mineral physics constraints on mantle temperatures, and observed surface heat flow become both possible and plausible. Solutions of this type, and constant layering solutions, require that thermal boundary layers are significantly reduced in the efficiency with which heat is conducted for a given temperature drop from a priori estimates based on fluid mechanical numerical modeling when mantle viscosity is fixed to a magnitude that is in accord with that inferred on the basis of the PGR constraints. That the heat transfer efficiency of all of the thermal boundary layers must be reduced may be construed to suggest that the viscosity that governs mantle convection is significantly greater than that which governs the postglacial rebound process. Of course, it is possible that another mechanism, such as a significant chemical heterogeneity in the lower mantle perhaps similar to the one advocated by Kellogg et al. [1999] , might also be responsible for the reduction in convective efficiency, although the results of Vidale [2000] cast doubt on the existence of such a layer. If the efficiency reduction is due to larger viscosity, this may be construed to imply that the rheology of the mantle is non-Newtonian and therefore that the PGR process is controlled by transient creep rather than the steady state creep which controls the convection process as would be expected of a strain hardening rheology such as might be expected for a polycrystalline material. 
